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Abstract 
Wind-tunnel test results of a BWB-UCAV model which was modified slightly from UCAV 1303 at a free stream speed of 
50m/s at various angles of attack and yaw angles are presented in the present paper. The six-component force and moment 
coefficients were measured by using internal balance. Well known pitch-break phenomenon was identified to occur at a rather 
low angle of attack. Yawing and rolling moment coefficients from the measurements data also were found to exhibit very 
irregular pitch-break type behavior at non-zero yaw angles. To elucidate some aerodynamic flow structures, surface oil flow 
visualization and PSP measurements were also carried out. 
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1. Introduction 
An unmanned combat air vehicle (UCAV) is a state of the art unmanned aerial vehicle (UAV) system. Recent 
studies were mainly concerned with medium swept wing planform (swept angle from 45Û- 60Û) models at medium 
and high angles of attack condition [1]. Planform of UCAV is usually of either delta wing, or diamond wing or 
lambda wing shape. The aerodynamics of UCAV of these planforms is dominated by nonlinear characteristics of 
complex flow structures. This complicated flow structure becomes severer at non-zero yaw angle conditions. Sohn 
et al. [2] confirmed that the yaw angle had a profound effect on the vortex structures. Canpolat et al. [3] found that 
the symmetrical flow structure deteriorates and a vortex breakdown occurs earlier on the windward side of the 
delta wing with yaw angle.  
UCAV 1303 configuration with 47Û leading edge sweep angle is a representative model of UCAV recently 
studied by either experimentally or numerically [4-7]. UCAV 1303 is of a typical blended wing-body (BWB) 
having a lambda wing configuration. This lambda wing configuration is characterized by the presence of a 
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concave crank near mid-semi span and a convex crank near wing tip [4]. The flow separation of the lambda wing 
near the inboard crank is known to spread rapidly to outboard wing as angle of attack increases, which is likely to 
cause longitudinal motion instability. This unstable characteristic of pitching moment is referred as pitch-up or 
pitch break [4-7]. 
 In this study, an experimental model (referred to as BWB-UCAV herein after) having the same planform as 
that of the UCAV 1303 was tested in a low speed wind tunnel to get various aerodynamic force and moment 
coefficients at various angles of attack and yaw angles which are often not available in a unified manner. To help 
understand flow structures, surface oil flow visualization and pressure sensitive paint (PSP) measurement were 
also made. 
2. Test facility and test model 
The experiment was conducted in the subsonic wind tunnel of the Korea Aerospace Research Institute (KARI) 
at a free stream velocity of 50 m/s. Test section of the subsonic wind tunnel is 1.0 m wide, 0.75 m high and 2.0 m 
long. The streamwise turbulence intensity is around 0.06% at 40 m/s. The Reynolds number based on mean 
aerodynamic chord in the present experiment was ReMAC = 8.5 φ 105. For force and moment measurements 
using internal balance, the signal conditioning extension for instrumentation of the National Instruments Corp. 
(NI-SCXI) was used. The internal balance and test section pressure signals were obtained and calculated through 
LabVIEW program. 
The model was tested at angles of attack ranging from -2Û to 18Û at an increment of 1Û in pitch-pause mode for 
a given yaw angle. The yaw angle was varied from 0Û to 20Û at a 2Û step. For the case of 0Û yaw angle, the angle of 
attack was varied from -2Û to 23Û. Details of the BWB-UCAV tested in the present work are given in Table 1. Fig. 
1 schematically shows three-views of the BWB-UCAV model made of aluminum and the coordinate system 
employed. Blockage ratio of the model was 5.4 % of the test section area at 23Û angle of attack. The model was 
slightly modified so that it could be installed with a rear sting system. Fig. 2 shows the BWB-UCAV model and 
support system in the wind-tunnel test section. 
 
Table 1. Specifications of BWB-UCAV model 
Wing span 700 mm 
Body centerline  413.4 mm 
Planform area 0.127 m2 
MAC 246.5 mm 
Leading edge sweep angle 47Û 
Airfoil  NACA 64A210 
Twist angle (washout) 5Û 
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Fig. 1. Three views of a BWB-UCAV model and coordinate system of internal balance 
 
 
(a) (b) 
Fig. 2. BWB-UCAV model in the KARI subsonic wind-tunnel test section (a) side view and (b) isometric view 
3. Pressure sensitive paint measurement (PSP) 
Pressure sensitive paint (PSP) measurement has been developed as an advanced measurement technique for 
surface pressure distribution [8-9]. To elucidate some aerodynamic flow structures, PSP technique was applied in 
the present work for the surface pressure distributions of the model. For this, the model was coated with binary 
paint. Fig. 3 shows the PSP measurement system set-up of the present study. LM2xlZ-400 lamp modules were 
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used as light source. Six lamp modules were installed to generate sufficient luminescent intensity. A monochrome 
charge-coupled device (CCD) camera which was a PCO 2000 [10] was used to acquire the luminescence intensity 
from the PSP. The CCD camera has a high resolution of 2048 x 2048 pixels and the digitizer operates at 14-bit 
resolution. Two different optical filters were installed in front of the CCD camera to acquire sensitive images and 
reference images. Sensitive images were acquired through a 645 nm long pass filter and reference images through 
a 540 nm band pass filter. The top and side wall of the test section was made of an optical glass to prevent 
refraction and reflection. Prior to the binary paint coating, white primer was coated on the BWB-UCAV model. 
The binary paint was then coated over a half of the test model as the model was symmetric at zero yaw angle. Fig. 
4 illustrates the PSP model. Test wind speed for the PSP measurement was also 50 m/s, the same speed for force 
and moment measurement. PSP images were acquired at angles of attack ranging from 0Û to 12Û with 2Û increment.  
The images were acquired for 90 milliseconds. 128 images were acquired at each filter condition at wind-on 
condition. After wind-on condition, wind-off images were also acquired at each filter condition.  Each set of 128 
images was averaged in the data reduction OMS software which was developed by ISSI Inc. [11]. Prior to the PSP 
measurements, PSP calibration was carried out. PSP calibration is necessary to transform the luminescent 
intensity of PSP to pressure value, which is often referred to as ‘a priori’ calibration. In-situ calibration was not 
applied in this study. In-situ calibration is a method to correct PSP data using pressure value obtained through 
pressure tab. Therefore, only the trend of pressure distribution can be identified in this study. 
 
 
Fig. 3. Pressure sensitive paint (PSP) measurement system 
 
Fig. 4. PSP painted UCAV model 
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4. Results and discussions 
Fig. 5 (a) shows the variation of lift coefficient (CL) with angle of attack and yaw angle. We see that there is 
very little yaw angle effect on the lift curve slope. In the case of 0Û yaw angle, maximum lift coefficient (CLmax) 
is 0.868 at 20Û angle of attack and zero lift angle of attack is about 0.75Û. Fig. 5 (b) shows the variation of drag 
coefficient (CD). The yaw angle effect on drag coefficient is seen to occur at angles of attack greater than 10 Û. 
 
 
(a) (b) 
Fig. 5. Variation of (a) lift coefficients and (b) drag coefficients with various yaw angles 
 
 
Fig. 6. Reduced drag coefficient versus lift coefficient 
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Fig. 7. Variation of pitching moment coefficients with various yaw angles 
From Fig. 5, we see that the effect of yaw angle on the lift and drag is not large. Fig. 6 shows the reduced drag 
coefficient defined as CD’ = (CD – CL2/ʌAR) [4]. The rapid increase in the reduced drag coefficient beyond CL 
§ 0.65 is definitely associated with flow separation. The variation curves of pitching moment coefficient (CPM) 
with angle of attack and yaw angle are given in Fig. 7. The moment reference point was at 210 mm downstream 
position from the apex along the body centreline. This location corresponds approximately to the mid-point of the 
body centerline. A main characteristic of the pitching moment coefficient is the large unstable region shown in Fig 
7. This unstable phenomenon on the pitching moment is often referred to as pitch-up or pitch-break. The flow 
separation first occurring over the outboard portion of the wing causes loss of lift and this loss of lift generates 
nose-up moment (pitch-up). For the case of 0Û yaw angle, the onset of pitch-up is at an angle of attack around 5Û 
and the pitching moment increases with angle of attack up to around 16Û angle of attack. Beyond 16Û angle of 
attack, the pitching moment is seen to decrease rapidly. Fig. 7 illustrates clearly that the pitching moment 
variation depends strongly on yaw angle.  
Fig. 8 (a) shows the yawing moment coefficient variation with yaw angle at various angles of attack. The 
yawing moment coefficients at 0Û and 5Û angles of attack are seen to increase mildly with the yaw angle. However, 
the yawing moment coefficients at 10Û and 15Û angles of attack are seen to be very irregular showing increasing 
and decreasing trends with yaw angle. Fig. 8 (b) shows the yawing moment coefficient variation with angle of 
attack at several yaw angles. At angles of attack smaller than 5Û, the yawing moment behaves consistently with 
yaw angle. However, at higher angles of attack, the yawing moment variation becomes complicated showing 
‘pitch-break’ style behaviour. This suggests that control of yaw-stability can also be difficult at high angles of 
attack. The variation of the rolling moment coefficient with angle of attack at various yaw angles is given in Fig. 9. 
We easily see a strongly coupled behaviour of rolling moment on yaw angle and can also notice a very irregular 
trend at high angles of attack and yaw angles. The results shown in Figs. 7, 8, and 9 clearly demonstrate that the 
yaw angle effect on the three moments is very significant. This is, of course, due to asymmetric flow structure and 
vortex breakdown as observed in [3]. 
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(a) (b) 
Fig. 8. Variation of yawing moment with various (a) angles of attack and (b) yaw angles 
 
Fig. 9. Variation of rolling moment coefficients with various yaw angles 
In the PSP measurements, in-situ calibration was not done in this study. Thus, the trend of the pressure 
distribution can only be identified. Fig. 10 illustrates the chordwise pressure distribution curves on the wing upper 
surface at 6Û, 8Û, 10Û, and 12Û angles of attack. In Fig. 10, ‘Eta = 0.0’ denotes the centerline of the BWB UCAV 
and ‘Eta = 0.5’ denotes the chord positioned at the spanwise location of 50 % of the semi-span distance from the 
centerline. The pressure distribution curves at 6Û and 8Û angles of attack of Fig. 10 (a) and (b) do not seen to 
demonstrate any significant leading edge separation behavior. However, at 12Û angle of attack (Fig. 10 (d)), 
massive flow separation pattern can be identified over a region around Eta = 0.7 and beyond. These PSP results 
illustrate clearly that the flow separation starts to occur from the outboard portion of the wing which results in the 
pitch-break phenomenon. 
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(a) (b) 
 
(c) (d) 
Fig. 10. Pressure coefficients distributions on the wing upper surface at (a) 6Û, (b) 8Û, (c) 10Û, and (d) 12Û angle of attack. 
As mentioned earlier, oil flow visualization was also carried out at several angles of attack with zero yaw angle. 
Fig. 11 shows the results of oil flow visualization at 8Û and 14Û angles of attack, which may best be seen in 
electronic version. Oil streaks shown in the figure show clearly the occurrence of flow separation in the outboard 
region of the wing and the out flow phenomenon toward the wing tip in the trailing edge region. 
 
 
(a) angle of attack 8Û (b) angle of attack 14Û 
Fig. 11. Oil flow visualization results. 
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5. Conclusion 
Force and moment measurements of a BWB-UCAV model were carried out in KARI subsonic wind tunnel at 
various angles of attack and yaw angles. To elucidate flow structures on the wing upper surface, PSP 
measurements were also done along with oil flow visualization. 
The six force and moment coefficient curves are presented to illustrate typical aerodynamic characteristics of a 
BWB-UCAV model including pitch-break phenomenon. Strong effect of yaw angle on the three moment 
coefficients could be identified. 
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